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Abstract
Non-Invasive Intracranial Pressure Method and Monitor
By: Tarun Sinha
Virginia Commonwealth University
Major Director: Dr. Martin Lenhardt

The eyes are acoustically continuous with the brain and inner ear tissues in regard to
matched impedances, based on tissue densities, thus, vibration of one site will be reflected in all
sites. With this being the case, the vibrational energy response of the eye due to an external
source can be used to determine a correlation or draw a conclusion concerning the vibrational
energy response of the brain would be. And since there is a correlation between the vibrational
energies, any changes in the acoustical energy in the eye can possibly be used to determine the
changes in acoustical energy in the brain. Such an assertion was tested using the eye/balloon
model, in which frequency specific tones can be used to analyze the vibrational response of the
eye and the coupled brain. Changes in the intracranial pressure via the vibrational response
induce changes in the intraocular pressure via the vibrational principle. Further, the model
supports the observation that vibration delivered to the eye can be perceived as sound, if of
sufficient intensity, resulting in an eye audiogram similar in degree to that obtained
conventionally by bone conduction on the mastoid or forehead. The literature is suggestive that
there is no positive correlation between IOP and ICP in terms of pressure, but there is a
correlation when acoustical response is measured. This supports the possibility of measuring the
changes in acoustical properties on the eye and within the cranium due to any external
disruptions. The eye can therefore be considered an acoustical window to the brain and inner
ear.

Introduction:

The Center for Disease Control (CDC) estimates that 1.7 million people suffer from a
traumatic brain injury (TBI) each year, and of that, 52,000 people die. Although that is a low
percentage of deaths within its own scope, TBI is a contributing factor to about 30% of all deaths
in the United States: and over 75% of TBI are mild TBI and can be categorized as concussions.
It is the case of mild TBI that should raise concern. A mild jolt or blow to the head can cause
mild TBI in most cases, especially with children, but in severe cases in which the patient loses
consciousness can be caused by motor vehicle accident (leading cause in TBI deaths).
Frequently people in all age groups have suffered from a mild concussion and subsequently
discovered long term hemorrhaging. There is a further danger of increase in pressure in the
cranium that can lead to permanent brain damage or death. TBI has been referred to the as the
“silent epidemic” because of the complications it can cause such as changes in personality,
health, emotions, thinking and also due to the public’s lack of awareness of it. In cases of the
mild TBI, over 1.356 million people visit the emergency room every year and are released after
some treatment. In many of these cases the patient does not suffer from any damage caused by
the TBI, but there have also been many controversial cases where no significant damage is
noticed due to the current technology that is available in the emergency room. In numerous
cases, a MRI (magnetic resonance imaging) or CAT (computed tomography) scan is used to
determine the level of swelling occur in the brain. Although they have been proven successful in
detecting hemorrhaging, they possess many faults that can lead to a misdiagnosis. Since
physicians do not use them to continuously monitor the condition if the patient due to lack of
resources and time, they cannot get an accurate reading of what the pressure changes within the
cranium. CAT scans are the preferred method to determine TBI in emergency settings because it

is quick, accurate and widely available. Follow up CAT scans are used to determine if the injury
has progressed, but there can be a delay or an extended time gap in between CAT scans. It is in
these situations that continuous monitoring is important. MRI scans provide more detail and are
better in the sense that they can add more information about the expected outcome in the long
run. MRI’s, however, are not used in emergency room settings because it is inefficient in
determining internal bleeding and bone fractures, takes too long to produce accurate images and
it is incompatible with the metal that is regularly used in the emergency room. Other methods
include X-rays, angiography and EEG’s are also viable options in determining TBI. For quick
and non-invasive techniques, in many cases a neurological exam, such as checking whether the
patient’s pupils constrict normally to light, is used to make a diagnosis. This is the most
prominent, non-invasive method in suspected TBI. Currently this and EEG is the only noninvasive method to accurately measure the changes within in the cranium; this is only good for
short term readings and does not have the accuracy in determining the injury in the long term.
The prediction of the old axiom that the eye is a window to the brain has not been found to be
accurate in regards to eye (intraocular) pressure reflecting brain (intracranial) pressure as another
non-invasive method to analyze intracranial pressure.

Currently, there has been only one

published article that suggests a connection between the IOP (intraocular pressure) and the ICP
(intracranial pressure), which postulates an increase in IOP correlates to an increase in ICP [1].
This hypothesis of a high correlation (p < 0.001; r = 0.955) between the non-invasive techniques
that links the two pressures; however, this hypothesis is not supported by others [2-7]. This
comes to a conclusion that the positive correlation was due to a factor of malfunctioning
equipment and sensors. The unfortunate conclusion that changes in IOP does not lead to changes
in the ICP makes researchers turn to a new method to measure the ICP non-invasively [7].

Table 1

Leading Causes of TBI
17.30%
35.20%
Falls
21%

Assault
Struck By
10%
16.50%

National traumatic brain injury estimates from the CDC

Unknown
Motor Vehicle

There is a patented technology that allows for ultrasonic frequencies to be used to
determine the IOP, so it is possible that this same technology could be used to determine the ICP
as well. There are only 3 ways to access the CSF (cerebrospinal fluid), and those 3 orifices are
the ear, eye and nose [10-11]. The structure of the outer, middle and inner ear prove to be
difficult obstacles for sound waves that need to be analyzed in the CSF to maneuver through, and
the same problem comes with the structure of the nose. The ultrasound frequencies used to
determine the IOP is based on the acoustical resonance of the eye, in which different pressures
correlate to different acoustical resonance patterns. This hypothesis can be applied to the
acoustical resonance patterns in the CSF using ultrasounds via bone conduction.

This

experiment can show that the acoustical responses of the eye can be used as a window to
determine the changes in pressure in the CSF. The eye can be used as a medium to analyze
changed in the ICP since the ocular fluid and CSF share the same density. It is the purpose of
this study to present data from a ICP-IOP balloon model that suggest the eye may indeed reflect
the acoustical properties of elevated ICP without the need for pressure correlations. Supporting
this model are the reports that vibration applied to the eye is perceived as sound and the
audiometric thresholds are similar to standard bone conduction and air conduction audiograms
[12-15], thus the eye may serve as an acoustic window to the brain and ear.

Figure 1

CT (computed tomography or CAT (computed axial tomography) scan: CT is a noninvasive, painless test that uses x-rays to produce a three-dimensional image of the interior of the
patient’s head. An initial CT scan can quickly rule out hemorrhage or a brain tumor causing
stroke-like symptoms. It may even show areas of the brain that are in danger of dying but still
salvageable.

Figure 2

Magnetic Resonance Imaging (MRI scan, MR scan): This is a non-invasive, painless test that
uses magnetic fields to produce a three-dimensional image of the interior of the patient’s head.
An MRI scan shows the brain and spinal cord in more detail than a CT scan does. MRI can be
used to diagnose ischemic stroke, hemorrhagic stroke, and other problems involving the brain,
brainstem, and spinal cord.

Methods:
Prior to testing the eye/balloon model for changes in acoustical properties, it had to be
shown that sound did indeed travel from the eye to the brain, crossing through the ocular fluid
and CSF [16-17]. This was accomplished by conducting eye audiograms on several subjects to
gain an insight on how pressure waves generated by the transducer would be converted into fluid
pressure waves. The common mechanism for hearing is sound waves travel through the outer
ear, into the middle ear and finally into the inner ear, where the frequencies are coded and
relayed to the brain via the vestibulocochlear nerve. The ear has evolved mechanisms to amplify
the sound prior to perception.
The Madsen Orbiter 922 audiometer (figure 3) can only go up to 8000 Hz. Piezoelectric
film (PVDF – polyvinylidene fluoride), with a wide frequency response, was employed. The
piezoelectric film was driven by a WaveTek generator and the actual film strip was placed on the
subjects’ closed eyelid. Although the human range of hearing is 20-20000 Hz, the realistic
cutoff frequency is closer 18000 Hz since the noise beings to taper off at the point. The subject
was to indicate when the noise was the loudest and also indicate the point at which they could
not hear the noise anymore. This experiment was replicated twice, once using headphones/ear
plugs and the other without headphones/ear plugs.

Initially the headphones were used to

determine if there was an occlusion effect, in which sound can be amplified by up to 20 dB when
the ear canal is blocked. But when sound is being transmitted through the eye, there is no
occlusion effect (Table 2). Since the ocular fluid (optic nerve in Table 1) and CSF share similar
densities and share the same impedances, which can be seen in Table 1, it is possible for the
input sound frequencies to travel from the ocular fluid into the CSF without any loss of energy.
For the eye audiogram setup, the bone conduction transducer was placed on the eye and

Figure 3

Madsen Orbiter 922 audiometer

the accelerometer was affixed to the back of the vibrator to measure the output when mass
loaded with the eye. The bone conduction transducer was firmly placed on the closed eyelid
carefully avoiding the bony rim of the orbit; the audible thresholds for audiometric frequencies
from 250 Hz to 8000 Hz were obtained [19]. The intensity of the vibration varied in 5 dB steps
to obtain a threshold. Ear plugs were inserted binaurally and the pinnae were covered with
Sennheiser sound attenuating headphones to reduce the effects of ambient noise (attenuation of
25 dB) on thresholds.
Impedance matching [24] is critical in biomedical engineering in which transfer from one
media to another causes a significant loss in transmission. The purpose of synthetic impedance
matching is used to maximize the power transfer and minimize reflections of the load. This
occurs naturally within the ear when the sound wave is converted into a pressure wave when it
hits the cochlea. Since the impedances between the eye and brain is nearly the same, it is safe to
conclude that there will be very little loss of power when the pressure waves travels from the
ocular fluid into the CSF. This would be the basis of measuring the acoustical response of the
eye and matching it to the acoustical response of the CSF, which could be proven using eye
audiograms. The vibration energy produced off of the eye would be used to determine the
pressure within the cranium. Any changes that could be seen in the eye would be reflective of
the same changes occurring within the CSF, hence the foundation of using the eye as a window
into the acoustical properties of the brain.
Since the experiment focused mainly on low frequency sound waves, only 250 Hz to
1000 Hz were tested (higher frequency tests using piezoelectric film were also conducted), at an
intensity of 45 dB and 60 dB respectively (the audiometer could not be calibrated to deliver 250
Hz at an intensity of 60 dB). This does not represent the sound pressure involved, but only at

Figure 4

HP 3561A Dynamic Signal Analyzer

what frequency the bone will resonate at. The purpose to this recording was to show how much
energy from the vibration on the bone was transmitted onto the fluid filled balloon (eye and
brain). In order to simulate pressure being added to the brain, static pressure (~5 mmHg) was
added to back end of the balloon which rested in the cranium. A specified weight the size of a
9V battery was used to add the pressure. When additional pressure was added, the weights were
added to the original object and more recordings were taken. Although it is unlikely that the
intense pressures simulated are realistic, this did aid in getting a more accurate graph when
comparing the fluid filled model with and without additional pressure. To simulate an increase
in cranium pressure within the lab, the valsalva technique was used by subjects. After the skull
model experiments as second series on human subjects was performed under conditions of
normal ambient brain pressure and elevated pressure using valsalva maneuvers. The valsalva
maneuvers were obtained in five young normal individuals (IRB approved) using the recording
system and experimental protocol. Under normal conditions, the intracranial pressure varies
between 1-10 mmHg, and after valsalva maneuvers, pressure can increase by an additional 5 to
10 mmHg [18]. The effect of pressuring the brain during valsalva on the acoustic transmission
was determined from the eye vibratory response.
Three main methods and sensors were used to prove the correlation between the
acoustical properties of ocular fluid and CSF.

The instruments that were used were the

Measurement Specialties Incorporated model ACH-01 accelerometer (figure 5), Dual Channel
Angstrom Resolver (fiber optics) and vinyl piezoelectric film strips. Each of sensors listed have
the properties to record the vibrational energy off the eye and relay them to a signal analyzer for
analysis. The 3 sensors were used to prove that the conclusion of determining the changes in the
pressure via changes in acoustical response was not just based on one sensor that may have had

Figure 5

ACH-01 Accelerometer

an error. The same experiment was setup for the different sensors and the same procedure was
followed in order to keep a baseline comparison for all of the results. Each of the sensors was
used with the eye/balloon model and the same input frequency of the same intensity (250 Hz @
45 dB HL) was used in all 3 experiments.
The experimental design for all 3 experiments can be seen in Figure 8. A human
skull/balloon model was used to simulate the fluid acoustics of the brain and eye. This was done
by using a latex balloon and threading it through the orbit to simulate an eye with the majority of
the balloon body in the cranium (calvarium removed) simulating the brain; the balloon was then
filled with water; water was used in both the eye socket and hollow cranium because this
audiogram experiment showed that the fluid densities are negligible when passing sound waves
through it. In this case if the sound wave traveled to the balloon via bone conduction then the
recording off of the eye and cranium would be the same, and any pressure that was added would
alter the acoustical properties accordingly as well. A Radioear B-71 bone conduction transducer
was affixed on the right supraorbital process and the accelerometer placed on the balloon “eye”.
The transducer input frequencies ranged from 250 to 1,000 Hz at 45 to 60 dB HL, generated by a
Madsen Orbiter 922 audiometer.

A Measurement Specialties Incorporated model ACH-01

accelerometer recorded the vibration of the balloon eye. The accelerometer was placed into a
strap that fits around the skull. The B-71 bone conduction transducer is attached to the Velcro
strap which is fitted around the skull and in place on the supraorbital foramen.

The

accelerometer is held in place by the Velcro strap as well, which keeps it from moving around
the surface of the eye (figures 11 and 12). The accelerometer is placed on the eyelid, without
any pressure. This is important because any changes to the accelerometer in regards to being
pressed down can alter the peak intensity reading.

This aspect to sensor positioning was

important in all aspects of the experiment since each of the sensors can work within the entire
coordinate plane. This accelerometer works within the X,Y and Z planes, but in this study one
plane of motion needed to be tested, and movement within the others skews the data. The
accelerometer output (vibrational/acoustic energy from the eye) was filtered, amplified and
connected to the Hewlett Packard dynamic signal analyzer Model 3561A (Figure 4- fast Fourier
transform [FFT]) to quantify the vibration energy transmitted into the fluid filled balloon “eye”
and these values served as a baseline measurement for a non-pressurized balloon brain. Markers
were placed on the temporal bone, squamosal suture and mastoid process, as well as on the
occipital bone and frontal bone to maintain balloon position on repeated trials.
In the second setup, the same equipment was used with the exception of the audiometer.
Piezoelectric film was used as the device to input the frequency needed to drive the skull. There
were 2 different sizes for the film, a long and a short piece of film. This film can convert
electrical energy into mechanical energy and vice versa.

We used the film to measure

displacement and translate that into an electrical signal to be displayed on the FFT signal
analyzer. The longer strip were best with low frequencies, mostly from 0-1000 Hz, and the short
film worked best with higher frequencies, especially in the ultrasound range. Like the first few
experiments, this one also included the accelerometer to record the resonance pattern off of the
eye.

Piezoelectric film (figure 9) and the WaveTek generator (figure 7) were used in

conjunction, and since it is a flexible vinyl strip it could be bent around the skull and maintains a
greater surface area contact with the bone. The piezoelectric film works the same way as the
audiometer in that it can produce a constant output of a specific frequency.

Figure 6

Dual Channel Angstrom Resolver

The only difference is that its intensity is not as high, and this provided a good experiment to
determine at what intensity the vibrations need to be at in order to get an accurate reading off of
the eye. The film was bent and firmly placed on the supraorbital foramen of the skull and the
accelerometer was left in the same place. The same techniques of recording and applying
pressure were repeated. As seen in Figure 2, the placement of the accelerometer in relation to
the film is critical in measuring the intensity of the signal. Although in the experiment the
accelerometer is not directly touching the film, its placement on the balloon did make a
difference in the acoustical recording. These differences can be seen in Table 3, and they were
taken when conducting the eye audiograms. The same relation pertained to the frequency range
of 250-1000 Hz as well, in terms of the accelerometer being parallel or perpendicular.
In the third method, the accelerometer was replaced with the Dual Angstrom Resolver
(figure 6), which utilizes fiber optics and near invisible laser to determine vibrations in objects.
The actual setup for this method is much delicate than the other 2, but it also provides a very
accurate reading of the transfer of acoustical energy (vibrations) from skull to balloon. It differs
from the setup in Figure 1 in the sense that the sensor is placed directly in front of the eye,
having no contact with the tissue. A piece of reflective foil is placed on the eyelid and beam
focused onto that. When the acoustical vibrations hit the eye, the foil also vibrates, and these
vibrations are detected by the angstrom laser. The setup for the angstrom laser can be seen in
figure 10. The laser was set a certain distance from the foil, and this was set at a distance that
displayed a range of -178.8 to -179.3 mA range. The distance the laser is from the reflective tape
correlates to a mA value, and this was the closest the laser could be to the foil without
overloading.

Figure 7

WaveTek Generator

A transducer, using the clinical audiometer, was used to set the vibration, which was set at 250
Hz at 45 dB. When using the angstrom laser, the transducer can only be set 250 Hz in order to
get a reading on the digital signal analyzer. Any frequency set above 250 Hz, such as 500 and
1000 Hz did not produce adequate vibrations on the balloon for the laser to recognize. At this set
frequency, intensity and distance from the foil, the peak was at 250 Hz with an intensity of 71.30 dBV, which was used as a baseline for no pressure. Another aspect to using the laser was
the readjustment of the laser distance from the foil after the pressure was added. When pressure
was added to balloon end in the cranium, the distance between the foil on the eye and the laser
decreased. To determine if this had an effect on the final reading, two methods were tested. The
first being the readjustment of the laser so that the laser was the original distance from the foil
prior to the pressure being applied and the second being that no readjustment was made to the
laser after the pressure was applied.

Table 2

Figure 8

instrumentation

Figure 9

A look at the different orientations the accelerometer can have on the piezoelectric film. These
different positions result in different recorded intensities. See Table 3 for specific values.

Figure 10

5 display

4 laser probe

3 light beams

1 eye

2 reflective
tape
This figure shows the setup of the Dual Angstrom Resolver. The laser probe is attached to an actual
device in which the adjustments for the distance from the foil can be made. The angstrom device hooks
up into the FFT signal analyzer to display the intensity of the acoustical vibrations off of the eye.

Table 3



Frequency (Hz)

Parallel (dBV)

Perpendicular (dBV)

15000

-28.46

-38.56

15100

-27.94

-43.89

15200

-27.93

-45.96

15300

29

-45.48

15400

-29.58

-43.5

15500

-30.48

-55.98

15600

-31.45

-56.7

15700

-31.91

-57.97

15800

-32.24

-48.24

Although the peaks are all negative, the number that is closer to 0 has the higher peak, and the
high intensity. It can be seen that the placement of the accelerometer on the film does produce
a difference in the recordings. From the data above, placing the accelerometer in a parallel
fashion produces a better recording from the film. This data follows the same trend for all the
frequencies tested, which range from 13300 Hz up to 18300 Hz.

Results:
The purpose of running the 3 methods was to ensure that our results were not a byproduct
of a sensor malfunction. All 3 methods produced the same result within the scope we were
testing; it is safe to say that there were no errors within the experimental design. Although this
does not prove a direct correlation between the IOP and ICP, the results show that the acoustical
properties were transferred from the eye to brain and vice versa.

Eye Audiograms

The eye audiograms on 5 subjects revealed that it was possible to drive sound through the eye
and have it travel to the brain via the ocular fluid and CSF. As indicated in table 2, the sound
was able to travel from the eye to the brain via the ocular fluid and CSF due to the matched
impedances. Using the piezoelectric film, it was important to make sure that the film strip did not
touch the bony orbit of the eye. We wanted to see how well the sound travel through fluid and
not via bone conduction. Table 4 shows the frequency at which the subject heard the loudest
sound (peak) and the frequency at which they could not hear the sound anymore (termination).
This experiment was the basis for the ICP study, suggesting that the sound wave could travel
efficiently from the eye to the brain, due to the close impedance matching among the tissues (see
Table 1 for specific values). The low frequency range of the eye audiograms also indicate eye to
the brain tissue transfer. The same process was used as the original audiogram except the range
of 250 Hz to 8000 Hz was tested using the B21 transducer (Table 5).
From the data, these results support the hypothesis that vibratory sounds applied to the
skull can travel by a non-osseous pathway to the inner ear and into the brain. The lower

frequencies showed having a greater intensity when the subjects heard the noise, with the
exception of 500 Hz. At this frequency it was hardest for the subject to hear the tone, but for
bone conduction, 500 Hz generated the greatest vibrational peak intensity on the eye. This
experiment showed that bone conduction is not necessary for the sounds to travel into the inner
ear since the stimulation of the orbital contents suffices. If the eye vibration reflects the
skull/brain vibration then eye vibration can also serve as an input to the brain if there is sufficient
energy to stimulate the ear via the fluid pathway (cerebral spinal fluid). The concept of an eye
audiogram is based on transmitting frequencies through the ocular fluid into the cerebrospinal
fluid and determining subject threshold.
Once this was as determined, the balloon/eye model could be made accordingly using a
latex balloon and known amount of water (60 grams).

Table 4: Eye Audiograms – High frequency

Without headphones
Peak
Termination

Frequency (Hz)
13696.66
16683.3

Intensity (dBV)
-27.35
-46.46

With headphones
Peak
Termination

Frequency (Hz)
13346.66
15936.67

Intensity (dBV)
-26.41
-40.3

Table 5

Low Frequency Eye Audiogram – Without Ear Plugs

Frequency (Hz)

Eye (dB HL)

250
500
1000
2000
4000
8000

27.5
45
0
0
0
1.25

Bone Conduction
(dB HL)
26.25
43.75
0
0
0
1.25

Low Frequency Eye Audiogram – With Ear Plugs

Frequency (Hz)

Eye (dB HL)

250
500
1000
2000
4000
8000

28.75
41.25
10
18.75
28.75
18.75

Bone Conduction
(dB HL)
13.75
20
3.75
5
8.75
6.875

Graph 1

eye audiograms
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Figure 11

Figure 12

Audiometer Based Eye/Balloon Model
In the next step of the experiment (Figure 1 setup), the accelerometer, clinical audiometer
and FFT signal analyzer were used to determine the baseline readings on the skull model. This
was determined by placing the audiometer transducer on the right supraorbital foramen, the
accelerometer on the eye and feeding the accelerometer output into the FFT (fast Fourier
Transform) signal analyzer. There was constant input from the transducer and the vibration
energy was transferred from the bone to the fluid eye. The acoustical response of the eye was
recorded by the accelerometer and averaged 25 times by the signal analyzer for a more accurate
reading. The data can be seen in Table 4 and then graphically represented in graph 1. The
frequency was set at 250 Hz, but since the experiment was based on how well low frequency
sound waves would travel via bone conduction, a range of 0 to 500 Hz was recorded. The peak
is at 250 Hz with a reading of -37.1 dBV. The unit dBV is based from the unit dB (decibel),
which is a logarithmic unit that indicates the ratio of a physical quantity (power or intensity)
relative to a specified reference level. It is defined by the following equation:
LdB = 10log10(P1/P2)
When referring to measurements of power or intensity, a ratio can be expressed in decibels by
evaluating ten times the base-10 logarithm of the ration of the measured quantity (P1) to the
reference level (P0). In this case, and most acoustic devices, 0 dB is referenced as a threshold
for human hearing, and electronically there can be distortion within the signal when the sound
exceeds 0 dB. At 0 dB the full strength of the signal is passing through the amp, so in this
experiment the values are a negative, but the values that are closer to 0 have a greater intensity.
This is the reason that at 250 Hz, the intensity is the greatest; the largest portion of the signal is

passing through the bone and into the fluid eye. Once the baseline was recorded, there was a
reference to compare the following trial to.
The next part of the experiment was the application of pressure onto the back end of the
balloon in the hollow cranium. In this part of the experiment, an unrealistic amount of pressure
was added just to determine if the acoustical properties would be altered. Once this was
completed, the addition of pressure to the back balloon was carefully determined to make the
results and trial as realistic as possible. The results of the addition of pressure can be seen in
Table 5, and graphically represented in Graph 2. The data shows that the acoustical properties of
the eye did change when there was pressure added to the back of the balloon. The system
experienced frequency damping in the eye; there was a decrease in the resonance energy of about
-7 dBV (decibels re: 1 Volt). Spectral spread was also present but damped (35 dB down). When
comparing the graphs (Graph 1 and 2), there is a clear distinction between the peaks at the driven
frequencies.

The pressurized model experienced damping and reduced spectral spread, a

decrease in the driven peak intensity. Although this was an exaggerated model, it can be seen
that when the pressure in altered in either the brain or the eye, the acoustical properties of the
tissue are altered as well, which can be seen in their acoustical vibration resonance patters.

Table 6
Input: 250 Hz @ 45 dB : No Pressure Applied

Hz – ambient noise level

dBV

0

-21.32

25

-24.56

50

-54.67

75

-59.44

100

-74.5

125

-85.7

150

-90.43

175

-93.1

200

-74.3

225

-42.1

250

-37.1

275

-42.77

300

-73.64

325

-90.81

350

-100.23

375

-100.17

400

-94.02

425

-92.44

450

-84.24

475

-53.56

500

-49.76

0 Hz = ambient noise in the system

Graph 2 – No Pressure Applied
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250 Hz : 45 dB : Pressure Applied

Hz – ambient noise level

dBV

0

-23.21

25

-26.91

50

-55.64

75

-58.42

100

-75.08

125

-86.36

150

-90.7

175

-94.34

200

-77.69

225

-46.7

250

-43.21

275

-46.65

300

-76.57

325

-88.16

350

-95.85

375

-93.86

400

-91.3

425

-86.47

450

-57.19

475

-53.45

500

-51.64

From analyzing the graphs above, it can be seen that when pressure is applied, there is a significant
change in the resonance frequency amplitude for the set input frequency. At the 250 Hz mark, which
was the controlled input, there was a change in the dBV level when pressure was applied, a decrease in
value to be more precise.

Graph 3 – Pressure Applied

Frequency v. dBV

37
5
45
0

30
0

22
5

15
0

75

0

0
-20

dBV

-40
-60

Series1

-80
-100
-120
Frequency (Hz)

Graph 4

-20

intensity (dB V)

-40
not pressurized

-60
-80
pressurized

-100
200
200

500
frequency (Hz)

800

Graph 5

-20

intensity (dB V)

-40

-60

not pressurized

-80

-100

baseline

200

250
250
Frequency (Hz)

300

In both of the trials, using the 250 Hz and 500 Hz inputs, at 45 dB HL and 60 dB HL
respectively, the same result was obtained; thus suggesting potential due to specific input
requirements are negligible. The same trend (increased ICP, decrease in peak intensity) could be
seen in both 250 Hz and 500 Hz input. This correlation suggests that this trend exists due to the
acoustical properties of the eye and brain and is not dependent on the type of sensor. In
accordance with the eye audiograms, the low frequencies were able to adequately vibrate the
bone and eye enough to obtain an accurate reading. An exception was observed at 300 Hz which
appeared to be a natural resonance of the balloon/brain model as noted by the peak at the
frequency when the skull is not excited by tonal stimulation. The undriven frequency response
of this model was the baseline condition as depicted in Graph 4. For the undriven response, the
accelerometer measured the acoustical property of the eye without any inputs. This baseline
could be used as a reference to determine the significance of change when driven by an input
frequency. The changes can be seen in the graph 5; the acoustical properties and baseline
reading are affected by the driven frequency. Using the driving frequency enables us to make a
more accurate reading when determining the change in resonance. A similar resonance was
found in direct eye resonance measurements [9].
The preferred eye recording site is the center but the variation of the eye vibratory
response was very small (<1 dB) over the surface. In contrast, slight movement of the
accelerometer over the skin on the skull can result in large intensity differences (~5 dB). In order
to get an accurate response, the accelerometer needs to be placed firmly against the eye lid so
that it does not move. The accelerometer is built to detect and record the slightest movement in
any plane direction. Another important aspect to the accelerometer is the movement of the eye
underneath the eyelid. In valsalva techniques it could be seen that when there was rapid eye

movement during the experiment, the readings were skewed. The variability over the skin of the
skull limited clinical utility this technique [10].
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Piezoelectric Film Based Eye/Balloon Model
Ultrasounds were used in the part to help solidify the theory that acoustical properties can
be used to determine the status or changes of the IOP and ICP. In the previous experiments,
working in the low frequency range, using mostly 250 Hz and 500 Hz, with a set intensity,
averaging around 30 dB, the transducer was placed over the eye, and the vibrations could be felt
and heard. With the film, there are no vibrations, no discomfort and it produces an ultrasound
signal that can still be clearly recorded using the accelerometer. Hence ultrasound (20,500 Hz)
was first recorded onto the signal analyzer using the accelerometer to make sure that the input
setting matched the actual output on the film. Once this calibration was done, the film was
applied on the forehead and the accelerometer was placed on the eye. This procedure was
exactly like the previous experiments, in which the first reading was when there was no pressure
applied to back balloon (brain), and the second reading was taken after pressure was applied.
Although the difference between normal and elevated pressure is not drastic, there is a difference
by about 5-7 dBV. Depending on the input frequency that will be used, each film has a certain
frequency range it works best with. The frequency range of the film depends on the length of the
strip of film. The longer the strip the lower the frequency it can output, and the shorter the strip
the higher the frequency.

For this experiment, the shorter strip of piezoelectric film was

sufficient in producing enough energy on the skull and the eye for the accelerometer to record.
The longer strip, which was vibrated at 250 Hz and 500 Hz did not produce adequate vibrations
to use since the displacement recorded was very minute.

When using the shorter strips,

ultrasound frequencies were used, which is any frequency above 20,000 Hz. The experiment
was conducted using 20500 Hz and also 50000 Hz. Both produced the same result, which was
that when pressure was applied to the back balloon, there was damping of the acoustic peak

intensity on the eye. Since there was a change in the acoustical vibration response of the eye
when the pressure was applied, it is safe to say that using this method also proved that the eye
could be used to determine any pressure alterations in the cranium. This correlates with the data
in the first part of the experiment, when using the accelerometer and transducer.

Dual Angstrom Resolver Based Eye/Balloon Model
This experiment involved the eye/balloon model, along with the transducer and dual
angstrom resolver. The setup for this experiment was the one that can be seen in Figure 3. The
balloon was threaded through the eye into the skull and filled up with 60 grams of water. This
caused the balloon to expand in the eye socket and in the cranium as well. The fluid between
the eye and cranium has the same density, so the low frequency sound waves can travel
through the 2 mediums. Once the balloon was threaded and filled with water, the reflective foil
was placed where the cornea is and the angstrom device was set a certain distance from it. The
60 grams of water that was inside the balloon was set as the standard pressure, as a reference.
By setting the caused pressure by the 60 grams of water to 0 mmHg, any changes that occurred
within the balloon could be compared to the 0 mmHg. This would allow for easy analysis of any
changes caused by the addition of external pressure. Two different methods were tested in this
experiment, which was the adjustment of the fiber optic cable distance from the foil. In the first
trial, the fiber optic cable was adjusted when the pressure caused the balloon to change shape,
reducing the distance between the foil and optic cable. When the pressure was applied, it was
applied on the sides of the balloon, causing the ends to change shape and distance from any
edges. Prior to the pressure being applied, the reading on the angstrom device was -179.1 mA,
and this was used as the standard distance between the cable and the foil. . With this distance,
and with the 250 Hz @ 45 dB, the vibrational intensity on the balloon was recorded at -71.30
dBV. When the pressure was applied, the distance between decreased between foil and cable,
changing the reading on the angstrom device. When the distance between the foil and cable
changed, the distance was corrected by increasing the gap between the foil and cable. The
change was made so that reading on the angstrom device was -179.1 mA, reverting back to the

original distance between the two objects. When the pressure was applied and the correction for
the distance was made, there was a change in the vibrational response that was recorded, which
was -59.98 dBV. This change means that there was an increase in the vibrational energy when
the pressure was applied and when the distance between the cable and foil was adjusted back to
the original reading of -179.1 mA.
The second part of the experiment involved not re-adjusting the cable after applying
pressure to the balloon. The caused the distance between the foil and cable to decrease and then
remain at the new distance while the vibrational energy was recorded. The angstrom machine
was set at the original reading of -179.1 mA, the standard distance between the cable and the foil.
With this angstrom reading, and the input set at 250 Hz @ 45 dB, the vibrational energy was
recorded to be -69.8 dBV. The same pressure was applied to the sides of the balloon, decreasing
the distance and changing the reading on the angstrom machine to -7.6 mA. After the pressure
was applied, the vibrational reading that was recorded was -89.11 dBV, indicating a decrease in
the vibrational energy after the pressure was applied. In this case, the peak decreased when there
was no adjustment made to the angstrom device (Table 6 and Graph 5).
The audiograms validated the theory that sound travels from the eye to the brain without
significant energy losses. In all 3 experiments conducted (accelerometer, piezoelectric film and
dual angstrom device) the results were re-produced. The trend suggesting a change in the peak
intensity with a change in ICP held true for each trial. When the ICP was increased through an
external source, there was a decrease in the peak resonance frequency recorded in the eye. The
quantitative data differed only in the sense that different sensors were used, with the
accelerometer being the most sensitive of the 3. Overall, the hypothesis that the eye can be used
as a window to the brain was proven using the eye/balloon model.

Table 8

Inputs: 250 Hz @ 45 dB
Trial 1: Adjustments Made to Angstrom Fiber Optic Cable
Start Reading
-179.1 mA

Intensity Peak
-71.30 dBV

End Reading
-179.1 mA

Intensity Peak
-59.98 dBV

Trial 2: No adjustment Made to Angstrom Fiber Optic Cable
Start Reading
-179.1 mA

Intensity Peak
-69.15 dBV

End Reading
-7.4 mA

Intensity Peak
-89.11 dBV

Graph 8
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Discussion
The most important aspect to this experiment was determining if there could be a
correlation between the IOP and ICP [1-7].

As literature had already stated, there is no

correlation between the two pressures. The purpose of this experiment was not to find a
correlation between the two pressures. This experiment explored the idea that the pressures,
especially the ICP, could have an acoustical effect on the eye. Using the eye/balloon model, this
hypothesis was proven true, by using the eye as a window into the brain. The results for all three
experiment suggested that when there is an increase in ICP, there is an acoustical change within
the eye. This hypothesis was proven correct by the data above, with a peak intensity decrease
within the driving frequency range when there was in increase in the ICP. This held true for
various driving frequencies and the different sensors. This was proven through the techniques of
conducting eye audiograms, frequency vibrations and proper placement of the sensors.
The accelerometer was the best in recording the response, and the fiber optic performed
the worst when comparing it to the accelerometer and the film. Overall, each of the sensors
recorded the same result, which was that the acoustical properties of the eye and brain and
interchangeable and a reading can be made from either regardless of the pressure involved. The
placement of the sensors had a large role in how accurate the readings were. The placement of
the accelerometer did not matter as much since when it was moved around the eye during the
experiments, there was only a 4 dB difference in the intensity peaks. When the pressure was
induced, the accelerometer did record a reduced peak at the input frequency, but depending on
that placement, the change in the 2 peaks differed by 4 dB. The same result was found when
using the piezoelectric film, the only difference being that the peak intensity using the film was
not as high as when using the clinical audiometer transducer. The placement and adjustment of

the dual angstrom device was very critical in obtaining results. Adjusting the dual angstrom
device proved the opposite of what was happening with the other sensors. This may have been
due the fact that the laser was readjusted to the original distance from the foil. In the cases using
the other sensors, once the pressure was applied the sensor was not readjusted on the balloon.
The original force that was used to keep the accelerometer on the balloon was constantly applied,
regardless of how the balloon expanded or compressed during the trials. When the fiber optic
cable was not adjustment, it showed the same trend as when using the accelerometer (Graphs 5
and 6). By not adjusting the sensor during the experiment, the final results can be compared to
the original, but in the case where the sensor is adjusted; there can be no comparison due to the
altering of the sensitivity of the sensor on the balloon. By replacing the accelerometer on the
balloon after the changes to back end of the balloon was made, it changes its sensitivity and
pressure it had on the balloon. This would skew the reading, making it important that when
being used in clinical trials, the reading must be a continuous monitor and not a single use
diagnostic tool. There must be a time interval between the initial baseline reading and the final
reading to determine if there have been any changes to acoustical properties.To gain a better
understanding of how the sound wave properties did have the effect they did, some background
information is required.
Sound waves cannot travel through a vacuum and can only travel though a medium,
making it the difference between itself and light/electromagnetic waves. The sound speed is
defined by the frequency and the wavelength:
c=f*λ
With c being the speed of sound, f is the frequency and the lambda is the wavelength. These
properties have a different response (speed of sound and half value layers) in different mediums

(Table 9). Sound waves are longitudinal waves that expand and compress within the medium as
they travel through it. The wavelength is defined as the distance between the expansion and
compression of the wave.

On each of the peaks (sinusoidal wave) energy is carried and

transferred, propagating a certain distance depending on the half-value layer. The frequency is
defined as the number of repetitions per given time. In this case the low frequency that was
mainly used was 250 Hz, meaning that when magnified there were 250 peaks within a 1 second
time frame (figure 8).
Acoustic impedance indicates how much sound pressure is generated by the vibration of
molecules of a particular acoustic medium at a given frequency. It is related to the density of the
material and speed of sound in the medium. It is defined by the equation:

Z = p*c

In which the p is the density of the material and c is the speed of sound. Thus the impedance is
correlated to the density of a material or fluid. Impedance matching is Z1=Z2, where the
impedance of the two materials the sound wave is passing through are equal. This reduces the
loss of energy when the sound transfers from one material to the other. This is the main reason it
is possible to transfer the sounds from the eye into the brain, since the impedances between the
two fluids are similar enough that there is very little power loss. Using water as the medium for
the eye and brain, the impedances were matched, as they are in the ocular fluid and CSF.
Although water has a much higher impedance (1.5 Mpas/m) than air (420 Pas/m), due to the
higher density and speed of sound in water, this did not make a difference in the experiment
since Z1=Z2. The characteristics of sound in water differ greatly than the characteristics of

sound in air. This is due to what was mentioned above, the density and the speed of sound. In
water, low frequency sound waves are not absorbed as quickly as higher frequency waves, giving
low frequency waves are larger propagation area. By placing the transducer on the skull and
vibrating the eye, there was a large loss of energy from the transition from bone to water since
the densities are different, but the accelerometer was still able to detect the reflective acoustical
energy.

This made the eye/balloon model a fairly accurate model when focusing in the

propagation of sound through the eye.
The half-value layer is the distance in which the energy of wave loses half its power.
Sound waves lose energy within centimeters. Lower frequencies were used because it caused
greater vibrations within the bone to transfer to the eye, making the analysis of the resonance
energy much easier for the accelerometer to read. In a recent post hoc study on patients
undergoing brain and eye pressure measurements, no correlation between the two was observed.
While this was discouraging, it was not unexpected in that the volumes differ and there is no
direct connection but the optic nerve can act as an acoustic coupler between the brain and eye
since both share the same acoustic impedance as reflected in tissue densities. Further, the brain
can be considered as a closed boundary condition with few compliant windows whereas the eye
has only a semi bone boundary. Thus a positive pressure correlation is not necessary if, as in the
present case, the acoustic response of the brain is reflected in the acoustic response of the eye,
such that a non-invasive measure may be possible. In the simplest explanation, the intra ocular
pressure damps eye vibration at the resonant frequency (and partials) and it is that reduced
amplitude that may correlate and possibly predict intra cranial pressure. The intensity reduction
observed was dependent on frequency and varied from 4-12 dB.

In order to get an accurate reading, the measurements from the accelerometer needed to
be amplified and cleaned up in order to be analyzed. By having the accelerometer, angstrom
resolver and piezoelectric film hook up into the HP 3561A signal analyzer, the signal was
sufficiently amplified and the noise from the signal was nearly eliminated. In order to further
improve the accuracy of any signal, the noise must be reduced, therefore increasing the signal to
noise ratio. The signal to noise ratio determines the signal strength compared to the background
noise. This was important in this lab since the experiments were not conducted in a completely
sound proof room. Any disturbances that emit sound waves, such as ventilation units and lights
can have an effect in the sensors. There is an equation to determine the signal noise ratio, which
can be seen below:
R = 20*log((signal/noise)) dB
The ratio R determines the ratio between the useful information in the signal and useless noise
contained within the signal. A ratio higher than 1:1 indicates more signal than noise; therefore a
signal with a higher R value will be a better quality signal. This equation is important since the
HP signal analyzer implements it when cleaning up the input signal from the accelerometer. On
the signal analyzer there a setting for the number of averages the signal is filtered through, which
essentially increases the R value of the input signal. The analyzer effectively reduces the noise
with square root of the number of averages that is set. This signal strength could be amplified
even more depending on the energy consumption and source for the HP signal analyzer. In this
case, since the analyzer was using the normal outlet for the power source, the number was
averages were 50. In other cases, in which the signal analyzer is portable the number of averages
must be proportional to the voltage available for the battery. Setting an average rate too high
would deplete the battery at an increased rate, rendering the unit useless. However, the resulting

increase in power consumption of the device also increases the risk factor of the patient, using a
handheld monitor, since the loss in power would also skew the signal to noise ratio. The HP
3561A dynamic signal analyzer was used extensively to analyze the vibrational responses off of
the eye model. This was done by adjusting the parameters accordingly, which can be seen in
Appendix A.

The parameters were set to specific values in order to achieve the best

amplification and signal to noise ratio. As mentioned earlier this was done by selecting the
number of averages the FFT system would implement in order to increase the R value of the
signal. The way this system works is based on using Fast Fourier Transforms (FFT). Fourier
transform are mathematical operations with many applications in math and engineering that
express mathematical functions of time as a function of frequency, known as its frequency
spectrum. Periodic waveforms can be written as a sum of infinite sinusoidal terms, which is
knows as a Fourier Series, and the method to finding the individual terms within the series is
called Fourier Analysis (see Fourier Table in Appendix A). The HP 3561A dynamic signal
analyzer uses FFT transforms to find the closest approximation to the original waveform. Doing
the Fourier analysis by hand would much time, since it involves many steps of integration. The
analyzer used the Fourier table to use the correct algorithm to produce the results in time.

Table 9

Material
Water
Fat
Muscle
Brain
Bone
air

Speed of Sound Half Value Layer
(m/s)
(cm)
1496
4.1
1476
3.8
1568
2.5
1521
2.5
3360
0.23
331
1.1

Figure 13
250 Hz sine wave

A critical aspect to the real world application is getting the patients baseline
measurements [7]. As mentioned above, in order to detect the acoustical changes within the
body, there must be a baseline reading to compare it to. There are 2 methods in which this can
be done. The first method is that physicians obtain a baseline acoustical measurement on their
patient during a routine physical exam. The process is very quick, requiring only a few minutes
of the patient lying down in a supine position, motionless. The physician can place the sensor
over the closed eyelid, place the transducer on the supraorbital foramen and hook the sensor into
a portable FFT dynamic signal analyzer. Within the a few minutes, at the proper settings, the
baseline measurement with the peak intensity at the given frequency with the baseline pressure
can be obtained and kept on file, similar to how blood pressure, heart rate and any other
physiological measurements are kept. In the case of any emergency where head trauma is
suspected, emergency room doctors can lay the patient down in the supine position and place the
accelerometer and transducer in the appropriate places and obtain and an instantaneous
measurement. If this differs greatly from the baseline measurement kept on record, it can be an
indication that the patient needs to be rushed to the MRI or CAT scan immediately [22,23].
The second method would involve the patient being at the emergency room to begin with.
If they are suspected of having any head injuries, they can be placed in the proper position and
have the leads placed in the appropriate areas. In a case where an initial baseline measurement is
not available, the FFT recording can be continuous, only depending on the power source. If the
system running on batteries, the number of averages done to the signal needs to be calculated,
otherwise any setting would suffice. If the patient is being monitored for an extended period of
time, there could be changes in the acoustical properties since the brain hemorrhaging usually
occurs at a slow rate. If over a set period of time, there is an alarming change (such as 4-7 dBV)

in the peak intensity, this could be an indicator that the patient needs to be examined more
thoroughly and accurately by the MRI or CAT scan.
This device is a preliminary examination into any alarming traumatic brain injuries. It is
difficult to conclude that any changes seen in the peak intensities of the acoustical response is
due to increased intracranial pressure, but it is a tool that can be used to pre-diagnose the
problem, or at least bring it into discussion amongst physicians. Many times this problem is
overlooked or not detected since the rate of hemorrhaging is often at such a slow rate that MRI
and CAT scans cannot detect any swelling. Or in many other cases, there is a significant delay
between when the patient comes in and they are final administered to a more accurate test. This
tool could increase the probability of getting the proper person to the correct area within the
hospital in emergency situations.
All of the equipment for this unit can be purchased relatively cheap, in comparison to
other medical devices. A MRI scan itself can cost from $700-$2500, depending on what is being
scanned, ranging from the knee to a whole body scan. On top of cost is the waiting time a
patient must endure in order for technicians to set it up. A CT scan can range from $600 - $2400
(based on national average costs) depending again on what is being scanned.

These are

extremely costly prices to the patient, insurance companies and to the hospital itself to administer
(profession and technician fees apply) these exams. It is best to only use them when there is
probable cause to do so, which can be increased if patients are pre-screened ahead of time. This
would reduce the number of unnecessary scans costs, and more importantly give the correct
patient a higher chance of detecting an intracranial bleed. The total cost of the intracranial
pressure monitor itself can be under $8000, with the portable FFT signal analyzer at $5000, the
portable clinical audiometer costing $2500 and the accelerometer/piezoelectric film can

purchased for around $100. This is extremely cheap when comparing this to MRI and CAT
scans, which can cost upwards from $1 million per unit and another $500,000 for designing the
specialized room it is housed in. Although this unit will not cut out the need to MRI or CAT
scans, it can effectively filter those who need immediate attention and can be rushed for proper
observation and diagnosis.
The experiment concluded that the sensor is extremely critical in obtaining the proper
measurements. As the trials show, adjustments of the sensor during the test can alter the results,
nearly inversing the results. Any adjustments made to the sensors, such as placement and
readjustment upon swelling, increased the peak intensity when pressure was changed. When
there were no readjustments made to the device, the peak intensity decreased upon the addition
of pressure. Placing is transducer and accelerometer in the proper areas in experiment was only
done so because these placements provided the most intense resonance patterns. It is only
important to note that moving the sensors during the observation can change the readings, but is
only significant when using the dual angstrom resolver (fiber optic). It is important to consider
what method is being used to determine the peak intensity, by replacing the sensor on the eyelid
after the onset of any external pressure would invert the trend of damping the response. The
response dampens due to the increase in pressure on the sensor itself, which could be in all the
sensors. When the onset of pressure occurred, the distance between the eye and sensor would
decrease, altering (increasing) the surface area pressure the sensor had on the eye. When this
would happen, it would damp the peak intensity since the balloon eye was being pushed into the
set sensor, decreasing its overall vibrational patterns. Any surface vibrates more when there is
no external force compressing it. When the sensor was readjusted, it did not deliver the same
force to decrease the vibrations, leading to the increased surface area for the vibrations to expand

in. It is important to consider what technique is being used, both leading to the detecting a
change in the acoustical properties of the eye, but in reverse readings.
Most importantly pressurized brain effects were observed at sub harmonics as well. The
measured resonance of the eye at low frequencies and found biphasic peaks were in the 280-310
Hz range in agreement with the present findings (Graphs 4 and 5). The acoustic value was stable
over the surface of the eye in contrast to the well reported variability on the skin over bone [21]
which has limited the clinical usefulness of low frequency intra cranial acoustic approaches
[10,11].
In 1930 [25], it was proposed that the cerebral spinal fluid connections or any vascular
connection to the cochlea, could act as an acoustic coupler. This coupler was termed the third
window of Ranke. It has been demonstrated that direct audio frequency vibration of the brain
[12-14] will couple to the ear and elicit evoked responses from the auditory nerve. This data
suggests that the brain can be a passive conductor of sound, even an amplifier near resonance
[20,27] and at the same time a physiological responder to the sound propagated through it. Thus
the channel from the eye through the brain to the ear has been clearly established.

Conclusion:
The eye is a fluid globe which has an acoustic impedance match to the brain and ear.
Pressurizing the brain in a balloon model resulted in detectable acoustic changes in the eye for a
broad frequency range extending to the eye’s ultrasonic resonance. Importantly the eye low
frequency response is stable and much less variable than that of the skin over the skull making
the possibility of clinical use feasible. Using an audio frequency is preferred to an ultrasonic in
determining ICP non-invasively since audio equipment is readily available and economical.
Beyond feasibility, is the necessity to obtain clinical data to explore efficacy.
The objective of the intracranial pressure monitor and method; to be a non-invasive, low
cost and less time consuming method of determining any pressure changes within the patients
cranium. Thousands every year fatally pass away from hemorrhaging that could have been
detected earlier if there was equipment to do so. The MRI and CT scans work well when there is
enough swelling to be detected, but by that time the damage caused by the pressure on the brain
could already be irreversible. This device is essential to keeping a continuous monitor on
patients suspected of traumatic brain injury, and from this a quicker diagnosis can be made. It is
not completely reliable on determining the extent of the damage, but has the ability to put up red
flags so a physician has a greater chance of preventing what may come. This device would be
essential in emergency rooms across the country and overseas for the military.

With its

instantaneous measurements, a physician can make a quick decision on what needs to happen
next. Within minutes a comparison can be done to determine if there have been any critical
changes in the vibrational response, which would indicate that the pressure has changed. This
would result in a more detailed examination of the patient, increasing the chances of them
finding a hemorrhage, or just getting the right person to the right service.

The eye audiogram was replicated and confirmed in the balloon model. This was done
using both low and high frequencies, to determine which has the better intensity. Since low
frequencies can travel longer distances within a medium, those were used to vibrate the
balloon/skull model. Data also showed that using the low frequency waves (250 and 500 Hz)
provided the best vibrational response the accelerometer could detect. Once the audiograms
were complete, the eye/balloon model was constructed. Placing the equipment in the proper
places was the first challenge in determining which area would be best to obtain an accurate
response. Having determined that, the testing phase could begin, using the different sensors to
ensure that our results were accurate and not a result of faulty equipment. All the results seemed
to fall with our hypothesis, that acoustical property changes can be used to predict ICP, and the
eye may have some advantages in delivering sound to the ear but a prototype must be developed
and tested for safety in a clinical setting. Thus the eye may serve as an acoustic window to the
brain and ear.
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Appendix A:

HP3561A Dynamic signal analyzer parameters:
Frequency Range: 0 – 1000 Hz
Number of Averages : 50
Vertical Scale: -101 dBV – 7 dBV

Orbiter 922 Clinical Audiometer Parameters:
Bone Conduction – Left Ear – No masking
Frequency – 250 Hz and 500 Hz
Intensity – 45 dB @ 250 Hz and 60 dB @500 Hz

Dual Angstrom Resolver
Setting – Channel A
@ -171.8 mA

ACH-01 Accelerometer Range (experiment use)
0-50000Hz

Appendix B:
Data for 5 test Subjects – Audiograms with Headphones
Subject 1

Frequency
250
500
1000
2000
4000
8000

Eye
35
45
15
35
40
35

Bone Conduction
0
15
0
0
0
10

Eye
25
40
0
30
30
15

Bone Conduction
10
20
5
5
20
5

Subject 2

Frequency
250
500
1000
2000
4000
8000

Subject 3

Frequency
250
500
1000
2000
4000
8000

Eye
35
35
15
10
25
10

Bone Conduction
35
15
10
15
10
10

Eye
20
45
10
0
20
15

Bone Conduction
10
30
0
0
5
0

Subject 4

Frequency
250
500
1000
2000
4000
8000

Subject 5

Frequency
250
500
1000
2000
4000
8000

Eye
25
30
15
5
20
10

Bone Conduction
25
25
5
0
5
10

Data for 5 test Subjects – Audiograms with Headphones
Subject 1

Frequency
250
500
1000
2000
4000
8000

Eye
45
55
0
0
0
0

Bone Conduction
45
40
0
0
0
0

Subject 2

Frequency
250
500
1000
2000
4000
8000

Eye
15
30
0
0
0
5

Bone Conduction
15
25
0
0
0
5

Eye
35
40
0
0
0
0

Bone Conduction
35
55
0
0
0
0

Subject 3

Frequency
250
500
1000
2000
4000
8000

Subject 4

Frequency
250
500
1000
2000
4000
8000

Eye
15
50
0
0
0
0

Bone Conduction
10
50
0
0
0
0

Eye
20
45
0
0
0
5

Bone Conduction
10
55
0
0
5
0

Subject 5

Frequency
250
500
1000
2000
4000
8000

Data for 5 test Subjects – High Frequency Audiograms – Without headphone
Subject 1

Peak
Termination

Frequency (Hz)
13470
15700

Intensity (dBV)
-30.10
-59.93

Frequency (Hz)
14020
18200

Intensity (dBV)
-37.12
-50.30

Frequency (Hz)
13600
16150

Intensity (dBV)
-37.41
-50.93

Frequency (Hz)
13920
16650

Intensity (dBV)
-26.34
-41.23

Frequency (Hz)
13450
15700

Intensity (dBV)
-25.70
-43.53

Subject 2

Peak
Termination
Subject 3

Peak
Termination
Subject 4

Peak
Termination
Subject 5

Peak
Termination


All intensities found using piezoelectric film strips in perpendicular placement with
accelerometer

Data for 5 test Subjects – High Frequency Audiograms – With Headphones
Subject 1

Peak
Termination

Frequency (Hz)
13450
15100

Intensity (dBV)
-30.10
-59.89

Frequency (Hz)
13390
18190

Intensity (dBV)
-28.41
-39.93

Frequency (Hz)
13200
14500

Intensity (dBV)
-21.10
-22.93

Frequency (Hz)
13190
15800

Intensity (dBV)
-25.67
-41.34

Frequency (Hz)
13375
15760

Intensity (dBV)
-31.10
-45.43

Subject 2

Peak
Termination
Subject 3

Peak
Termination
Subject 4

Peak
Termination
Subject 5

Peak
Termination

Standard Deviations for Peak Frequency
◦
◦
◦
◦

Peak Without Headphones – 262.62
Intensity Without Headphones – 5.67
Peak With Headphones – 118.443
Intensity With Headphones – 4.01887

Standard Deviations for Termination Frequency
◦
◦
◦
◦

Termination Without Headphones – 1038.338
Intensity Without Headphones – 7.331
Termination With Headphones – 1402.605
Intensity With Headphones – 13.23

Appendix C
Experimental Setup 1 – Accelerometer based



B-71 bone transducer placed in supraorbital foramen
Accelerometer placed on eye

Experimental Setup 2 – Piezoelectric Film Based



Piezoelectric film placed on supraorbital foramen
Accelerometer placed on eye

Experiment al Setup 3 – Dual Angstrom Based




Fiber optic placed certain distance from eye (reading of -178.1 mA)
Foil placed on eye
Fiber optic cable held in place by clamp

